The study objective was to investigate the physiological effects of weaning on beef calves and identify a panel of blood-based welfare biomarkers. On the day (d) of weaning (d 0), 16 spring-born, singlesuckled, beef bull calves that previously grazed with their dams at pasture, were assigned to one of two treatments: (1) control (n = 8), calves were loose-housed with their dam, (2) weaned (n = 8), calves were abruptly separated from their dam and loose-housed. Jugular blood was collected on d −4, 0, 1, 2, 3, 7, and 14 relative to weaning (d 0) and assayed for inflammatory and steroid variables. Total leukocyte counts were measured in whole blood. It is concluded that neutrophil number is a robust biomarker of stress and that plasma CXCL8 is a sensitive indicator of stress in weaned and control calves. In future studies, these two biomarkers should be central to the characterisation of stress responses.
Introduction
Weaning is a multifaceted stressor that usually involves numerous husbandry practices, including the abrupt separation of the beef calf from its dam, a nutritional adjustment to a non-milk diet and social reorganisation and, additionally, is often associated with housing (Enriquez et al., 2011; Lynch et al., 2010) . Housing has been reported to alter the neutrophil and lymphocyte immunophenotype of calves, along with the acute phase response (Lynch et al., 2010) , with a more pronounced stress response occurring in calves weaned at housing compared with those housed with their dams (Lynch et al., 2010 (Lynch et al., , 2011 . Alterations in calf immunity following weaning stress are of great importance as these changes are thought to be associated with increased incidence and severity of respiratory disease (Duff and Galyean, 2007) .
Neutrophilia is one of the most frequently reported biomarkers of stress in cattle following weaning (Blanco et al., 2009; Lynch et al., 2011 Lynch et al., , 2012 O'Loughlin et al., 2011 O'Loughlin et al., , 2012 and housing (Gupta et al., 2007; Hickey et al., 2003a) . Gene expression of the potent neutrophil chemokine, CXCL8, was found to be up-regulated following transport (20-fold increase) (Gupta et al., 2007) , castration (2-fold increase) (Pang et al., 2009 ) and weaning (2-fold increase) (O'Loughlin et al., 2011) and may account for distributional alterations in circulating neutrophils, serving to increase immune surveillance (Jones and Allison, 2007) . Stress is reported to induce a response in a number of acute phase proteins (APP), including haptoglobin and serum amyloid A (SAA), with increased concentrations of APP demonstrated in calves following abrupt weaning (Hickey et al., 2003b; Martins et al., 2012) and housing (Alsemgeest et al., 1995) . Stress associated with weaning has been linked to immunosuppression and greater incidences of bovine respiratory disease (BRD), mortality and related costs in newly weaned cattle entering feedlots (Hartland et al., 1991) . The objective of the present study was to characterise changes in specific blood variables in beef calves subjected to either weaning and separation from their dams, or of housing with their dams.
In the present study we also hypothesised that plasma CXCL8 (formerly known as IL-8) protein levels would increase concurrently with blood neutrophils. The identification and characterisation of novel, specific biomarkers and biomarker profiles of patho-physiological states will be an important step towards the early detection of disease susceptible animals.
Methods

Care and use of animals
All animal procedures performed in this study were conducted under experimental licence from the Irish Department of Health and Children in accordance with the Cruelty to Animals Act 1876 and the European Communities (Amendment of Cruelty to Animals Act 1876) Regulation 2002 and 2005.
Animal model
Sixteen clinically healthy, spring-born, single-suckled, Blonde d'Aquitaine sired beef crossbred bull calves were used in this study. Prior to housing, cows and their calves were rotationally grazed on a predominantly perennial ryegrass (Lolium perenne) based sward from early April until housing on the 9th November. Calves were immunised 28 days prior to weaning against bovine respiratory syncytial virus (BRSV) and infectious bovine rhinotracheitis (IBR) virus using Rispoval-3 and Rispoval-IBR vaccines (Pfizer Animal Health, Co. Cork, Ireland), respectively. On the day (d) of weaning (d 0), calves were moved to a handling yard and assigned to one of two treatments: (1) control (n = 8; mean weight (s.d.) 292.0 (36.5) kg; mean age (s.d.) 228 (22.1) days), these animals were housed with their dam, (2) weaned (n = 8; mean weight (s.d.) 296.5 (59.5) kg; mean age (s.d.) 242 (32.8) days), these animals were abruptly separated from their dam and housed. Pens were equipped with automatic water drinkers and the calves were offered a new diet of grass silage and had free access to concentrates.
Rectal temperature measurements
Rectal body temperature was monitored on d −4, 0, 1, 2, 3, 7 and 14 while calves were waiting in the holding chute just prior to blood sample collection using a digital thermometer (Jorgen Kruuse A/S; model VT-801 BWC Lot No 0701, Marslev, Denmark).
Sample collection
Calves were blood sampled via jugular venipuncture on d −4, 0, 1, 2, 3, 7, and 14 relative to weaning (d 0). For this procedure, they were moved gently to a holding pen with a squeeze chute facility and were blood sampled with minimal restraint. Blood sampling was carried out by the same experienced operator on each occasion and the time taken to collect the blood samples was less than 60 s/calf. Blood samples were collected into 1 × 6 ml spray-dried K3ethylenediaminetetraacetic acid (K3EDTA) coated tube (Greiner Vacuette, Cruinn Diagnostics, Ireland) for haematological analysis and 1 × 9 ml spray-dried lithium heparin coated tubes Cruinn Diagnostics, Ireland) for cortisol, acute phase protein and CXCL8 analysis.
Haematology variables
Unclotted whole K3EDTA blood samples were analysed using an ADVIA haematology analyser (AV ADVIA 2120, Bayer Healthcare, Siemens, UK) equipped with software for bovine blood. Total leukocyte, neutrophil, lymphocyte, eosinophil and monocyte percentage, red blood cell (RBC) number, haemoglobin (HGB), mean cell haemoglobin concentration (MCV), mean corpuscular volume (MCV), haematocrit (HCT) percentage and platelet (PLT) number were measured. The neutrophil:lymphocyte (N:L) ratio was also calculated.
Acute phase proteins, cortisol and CXCL8
Plasma was harvested from the lithium heparin anti-coagulated blood tubes following centrifugation at 1600 × g at 4°C for 15 min and stored at −80°C until analysis. The concentration of plasma haptoglobin was measured using an automatic analyser (spACE, Alfa Wassermann, Inc., West Caldwell, NJ, USA) and commercial assay kit (Tridelta Development Ltd., Wicklow, Ireland) and serum amyloid A using the SAA ELISA kit (Phase Range SAA ELISA kit, Tridelta Development Ltd., Co. Kildare, Ireland). The intra and inter assay CV for haptoglobin were 6.3% and 4.1%, respectively. SAA had an intra assay CV of 5%. Cortisol was assayed using the Correlate-EIA kit from Assay Designs (Ann Arbor, MI, USA) according to the manufacturer's instructions. Plasma CXCL8 was quantified using the Quantikine IL-8 Immunoassay (R&D Systems Europe, Ltd., Abingdon, UK) according to the manufacturer's instructions. CXCL8 had an intra and inter assay CV of 7.8% and 11.6%, respectively.
Statistical analysis
Haematological, acute phase protein, CXCL8 and cortisol data were tested for normality using PROC UNIVARIATE and the ShapiroWilk test and, values that were not normally distributed were log transformed prior to statistical analyses. Haematological, physiological and rectal temperature data were analysed as repeated measures using the PROC MIXED procedure of SAS (Version 9.1, SAS Institute, Cary, NC). The first sample (d −4; sample 1) was used as the baseline covariate in the statistical analysis of the data. Animal was the experimental unit and was specified as a repeated measures effect, and the dependence within animal was modelled using an unstructured covariance structure. Data subject to transformation were used to calculate P-values. The corresponding least squares means (Lsmeans) and SE of the non-transformed data are presented to facilitate interpretation of results. Differences between treatments were determined using the Tukey-Kramer test for multiple comparisons. Lsmeans were considered significantly different at the P < 0.05 probability level.
Results
Rectal body temperature
There was no treatment × sampling time interaction (P > 0.05) for rectal body temperature. Rectal temperature increased (P < 0.01) in both control and weaned calves (Table 1) . Rectal temperature remained elevated from baseline to d 7 and was greater overall in weaned calves compared to control calves (P < 0.03). T, treatment; S, sampling time; T × S, treatment × sampling time interaction; NS, not significant (P > 0.05). a,b,c Within rows, Lsmeans differ from pre-weaning baseline by P < 0.05, P < 0.01 and P < 0.001, respectively. x,y Between rows, Lsmeans differ by P < 0.05. * P < 0.05, ** P < 0.01, *** P < 0.001.
Haematological responses
There was no effect (P > 0.05) of treatment, sampling time or their interaction on lymphocyte, monocyte, basophil or eosinophil number (Table 2 ). For total leukocyte number, there was a treatment × sampling time interaction (P < 0.01) whereby total leukocyte number was greater (P < 0.05) in weaned calves than control calves on d 1 and d 2. Similarly, there was a treatment × sampling time interaction for neutrophil number (P < 0.05) and N:L ratio (P < 0.001). In weaned calves, neutrophils increased on d 1 (P < 0.05), d 2 (P < 0.001) and d 3 (P < 0.01) relative to baseline, resulting in greater levels compared to control calves on d 1, whereas in control calves, neutrophil number did not increase (P > 0.05) from baseline until d 3 (P < 0.05) (Fig. 1) . As a reflection of alterations to total neutrophil number, the N:L ratio was elevated (P < 0.01) from baseline in weaned animals at sampling on d 1, d 2 and d 3, whereas an increase in control calves was not evident until d 3. Eosinophil number was greater (P < 0.05) in weaned calves than control calves on d 2.
Platelet number increased from baseline in control calves on d 3 (P < 0.01), d 7 (P < 0.001) and d 14 (P < 0.01) ( Table 3 ). There was a treatment × sampling time interaction (P < 0.05) for mean platelet volume (MPV) whereby MPV was greater (P < 0.05) in control calves on d 7 than weaned calves and the inverse was true on d 14 (Table 3) . RBC number was less than baseline (P < 0.01) on d 1 and d 14 in weaned calves and on d 7 and d 14 in control calves. Haemoglobin concentration (HGB) followed a similar trend and was less than baseline (P < 0.01) in weaned calves on d 1, d 7 and d 14, and was less than baseline (P < 0.05) in control calves on d 14. Haematocrit (HCT) % also decreased from baseline on d 1 and d 14 in weaned calves (P < 0.01) and on d 1, d 7 and d 14 in control calves (P < 0.05). Likewise, mean corpuscular volume (MCV) decreased in weaned calves (P < 0.001) on d 1 and d 14 and in control calves (P < 0.05) on d 1 and d 7.
Inflammatory responses
There was no effect of treatment or treatment × sampling time interaction (P > 0.05) for serum amyloid A (SAA) (Table 4), whereas there was a treatment × time interaction for haptoglobin. Haptoglobin was significantly elevated (P < 0.01) from baseline in weaned calves on d 2 and d 7, with no alterations in control calves. A treatment × sampling time (P < 0.01) interaction was identified for circulating plasma CXCL8 concentrations whereby CXCL8 concentration increased (P < 0.001) in both treatments following either housing or weaning at housing but was greater (P < 0.05) in control calves than weaned calves on d 1 and d 3 (Fig. 2) .
Steroid hormone response
There was a treatment × sampling time interaction (P < 0.05) for cortisol whereby circulating cortisol concentration increased from baseline in weaned animals on d 2 (P < 0.05) and d 3 (P < 0.01) and remained elevated throughout the rest of the study (P < 0.05), whereas, this only occurred in control calves on d 7 (Table 5 ).
Discussion
Weaning typically combines a number of physical and psychological stressors which have the potential to alter the immune state and increase susceptibility to bovine respiratory disease. Stress occurs when an animal's homeostasis is disrupted, the stress response consists of a set of physiological mechanisms designed to return to homeostasis. Thus the systemic reaction to a stressor encompasses a Table 2 Effect of weaning induced stress at housing on total leukocyte, neutrophil and lymphocyte number, neutrophil:lymphocyte (N:L) ratio, monocyte, basophil and eosinophil numbers in weaned beef calves. The values are expressed as least squares means (Lsmeans) ± s.e. T, treatment; S, sampling time; T × S, treatment × sampling time interaction; NS, not significant (P > 0.05). * P < 0.05, ** P < 0.01, *** P < 0.001. a,b,c Within rows, Lsmeans differ from pre-weaning baseline by P < 0.05, P < 0.01 and P < 0.001, respectively. x,y Between rows, Lsmeans differ by P < 0.05. Fig. 1 . The neutrophil response to housing and weaning stress. Total neutrophil number increased immediately following abrupt weaning at housing while there is a delay in a delayed neutrophilia in housed calves on d 3. *P < 0.05, **P < 0.01, ***P < 0.001. Lsmeans differ relative to baseline (d 0). X,Y Lsmeans differ between treatments (P < 0.05).
wide range of endocrinological, immunological and inflammatory responses. During periods of stress, a percentage of available nutrients from caloric intake are diverted away from processes such as growth and muscle deposition and have a role in stabilising other physiological processes (i.e. those required for survival, e.g. an immune response) (Elsasser et al., 1997 (Elsasser et al., , 2008 . Furthermore, intake and appetite are suppressed during stressful events (Haddad et al., 2002) with intake of nutrients by stressed livestock often compromised and below that normally consumed by unstressed animals (Duff and Galyean, 2007) . Weaning under modern cattle production systems may be described as a multi-factorial stressor as it incorporates nutritional, physical and psychological elements (Weary et al., 2008) . Calves are often subjected to an array of husbandry practices which may compound their stress at the time of weaning. Additional husbandry practices can include frequent handling and contact with humans, mixing with unfamiliar cattle, movement to new environments whether it be indoor housing or unfamiliar paddocks, switching to different, entirely solid diets, transportation and marketing. Some cattle may also undergo additional processing such Table 3 Effect of weaning induced stress at housing on platelet number, mean platelet volume (MPV), red blood cell (RBC) number, haemoglobin (HGB) concentration, haematocrit (HCT) %, mean cell haemoglobin (MCH) and mean cell haemoglobin concentration (MCHC) in weaned beef calves. The values are expressed as least squares means (Lsmeans) ± s.e. T, treatment; S, sampling time; T × S, treatment × sampling time interaction; NS, not significant (P > 0.05). * P < 0.05, ** P < 0.01, *** P < 0.001. a,b,c Within rows, Lsmeans differ from pre-weaning baseline by P < 0.05, P < 0.01 and P < 0.001, respectively. x,y Between rows, Lsmeans differ by P < 0.05. Fig. 2 . The circulating plasma CXCL8 response to housing and weaning stress. Following either housing or weaning, CXCL8 concentration increased significantly and remained elevated at sampling throughout the course of the study. *P < 0.05, **P < 0.01, ***P < 0.001. Lsmeans differ relative to baseline (d 0). X,Y Lsmeans differ between treatments (P < 0.05).
Table 4
Effect of weaning induced stress at housing on the acute phase proteins haptoglobin and serum amyloid A (SAA) in weaned beef calves. The values are expressed as least squares means (Lsmeans) ± s.e. T, treatment; S, sampling time; T × S, treatment × sampling time interaction; NS, not significant (P > 0.05). * P < 0.05, ** P < 0.01, *** P < 0.001. a,b,c Within rows, Lsmeans differ from pre-weaning baseline by P < 0.05, P < 0.01 and P < 0.001, respectively.
Table 5
Effect of weaning induced stress at housing on circulating serum cortisol concentrations. The values are expressed as least squares means (Lsmeans) ± s.e.
Variable
Days post weaning P-values
Cortisol (ng/ml) C 4.8 ± 1.09 5.4 ± 1.13 5.1 ± 1.07 5.4 ± 1.05 7.2 a ± 0.75 3.7 ± 0.95 NS NS * W 3.4 ± 1.09 4.2 ± 1.13 5.1 a ± 1.07 5.6 b ± 1.05 5.2 a ± 0.75 5.1 a ± 0.95 T, treatment; S, sampling time; T × S, treatment × sampling time interaction; NS, not significant (P > 0.05). * P < 0.05, ** P < 0.01, *** P < 0.001. a,b,c Within rows, Lsmeans differ from pre-weaning baseline by P < 0.05, P < 0.01 and P < 0.001, respectively. as vaccinations, dehorning and castration. Additionally, because stress can manifest as a variety of interrelated physiological, metabolic, endocrinological, and behavioural processes, which can impair immune defence, the search for biological measures to provide an objective assessment of animal welfare status is warranted. It is thus important to fully characterise the weaning process in order to assess the potential health and animal welfare implications that weaning can have when combined with housing and social reorganisation. This will permit adaptation of herd management practices in order to alleviate stress in livestock and avoid compromising their immune system response.
Of particular importance in evaluating the prolonged effects of weaning stress are the numbers of leukocytes, including neutrophils, lymphocytes, eosinophils, and monocytes in the circulation. In the present study, a number of alterations to the blood leukogram were identified. Weaning and housing have both been previously shown to increase total leukocyte number (Blanco et al., 2009; Hickey et al., 2003b; Lynch et al., 2010) as a result of fluctuations in a number of leukocyte subpopulations, particularly neutrophils. Elevations in endogenous or exogenous glucocorticoids are reported to cause a dramatic shift in the haematological profile of peripheral blood cells resulting in leukocytosis which is marked by neutrophilia and lymphopenia (Burton et al., 2005) . In the present study, following abrupt weaning, neutrophil number increased by 43% at day 3. This increase is consistent with our previous work where the order of magnitude across five studies was 39% (s.e. 9.4%) (Hickey et al., 2003b; Lynch et al., 2010 Lynch et al., , 2011 Lynch et al., , 2012 O'Loughlin et al., 2012) . These data strongly indicate that neutrophil number is a robust biomarker to detect weaning stress in beef calves.
The delayed increase in neutrophil number in calves housed with their dam indicates that weaning and separation of calves from their dams is more stressful. Similarly, Lynch et al. (2011) reported that deferring housing at the time of weaning resulted in a less marked stress response in beef calves (25%) compared with the traditional practice of weaning and simultaneous housing indoors at the end of the grazing season (62%; (Lynch et al., 2010) and 46% (Lynch et al., 2012) increases, respectively). Compared with abrupt weaning, practices such as progressive weaning or fenceline weaning have reduced the frequency of behavioural distress, heart rate and neutrophil:lymphocyte (N:L) ratio in calves (Church and Hudson, 1999; Price et al., 2003; Rasby, 2007) . More recently, O'Loughlin et al. (2011) reported that beef calves, particularly bulls, had a strong stress response and may benefit from a weaning strategy where they are allowed visual, oral and olfactory contact with the dam but are prevented from suckling for a number of days prior to total separation.
While lymphocytes are generally regarded as being an adjunct to neutrophils in the detection of the bovine stress response, although not significant in the present study, there was a (9%) numerical decrease in the lymphocyte number following weaning. This is consistent with previous studies with decreases ranging from 6% (O'Loughlin et al., 2011) to 9% (Hickey et al., 2003b) , in contrast to a significant decrease, on average 27% (s.e. 6.6%), in a number of other studies that found lymphocyte number decreased in response to weaning and returning to baseline levels within 7 days (Lynch et al., 2010 (Lynch et al., , 2012 O'Loughlin et al., 2012) . Another useful measure of the sustained effect of stress is the N:L ratio, which increased due to weaning and weaning at housing. Coupled with the reported neutrophilia, the N:L ratio increased from baseline on the first 3 days following weaning, while also increasing in the control animals on d 3.
The increase in neutrophil number identified in weaned calves in this study and our previous work suggests that weaning stress is transient such that neutrophil numbers return to baseline within 3-7 days. However, in the current study, elevated concentrations of plasma CXCL8 indicate that a stress response was still evident at day 14.
CXCL8 is an important inflammatory mediator, predominantly responsible for the chemotaxis of neutrophils, although it also functions in T cell migration (Elenkov et al., 2005; Keller et al., 2005) . In the present study, CXCL8 increased in control and weaned calves, indicating a non-specific response to stress. That is to say, the change from a pasture to a housing environment was sufficient to increase CXCL8 concentrations, and the additional stressor of weaning did not increase the magnitude of CXCL8. In the short term, the increased concentration of CXCL8 likely served to enhance neutrophil migration and surveillance of the tissues most at risk from infection. However, prolonged exposure to inflammatory cytokines can paradoxically result in deleterious effects, producing severe tissue damage, particularly in soft tissues such as the lung (Buckham-Sporer et al., 2007; Eruslanov et al., 2005; Mitchell et al., 2008) and thus increasing the susceptibility of the calves to disease. More recently, O'Loughlin et al. (2011) reported that the expression of proinflammatory cytokine genes in leukocytes, including CXCL8, were upregulated up to 7 days in calves following weaning and housing. The increased concentrations of CXCL8 in control and weaned calves on day 1 suggest that CXCL8 is a more sensitive marker than neutrophil number.
Although concentrations of cortisol were higher in weaned calves from day 2 to 14 relative to baseline compared to an elevation at day 7 in control calves, caution is required in the interpretation of these findings owing to its sensitivity to frequency and time of sampling, and animal handling. Nevertheless, in previous studies, Hickey et al. (2003b) reported that weaning resulted in elevated concentrations of cortisol up to 7 d post-weaning.
Acute phase proteins are frequently selected as biomarkers of stress in cattle (Lynch et al., 2010 (Lynch et al., , 2012 O'Loughlin et al., 2012) . However, in accord with our previous findings Hickey et al. (2003b) ; Lynch et al., 2010 Lynch et al., , 2011 Lynch et al., , 2012 O'Loughlin et al., 2011 O'Loughlin et al., , 2012 , in the present study there was inconsistent effects to the stress of weaning in the acute phase proteins, haptoglobin and SAA. This indicates that they are an unreliable biomarker of stress.
Findings pertaining to the effects of weaning acute phase protein response in beef calves are not consistent. Although some studies have shown that this response is activated through the measurement of fibrinogen, ceruloplasmin and SAA (Arthington et al., 2003 (Arthington et al., , 2008 Blanco et al., 2009; Carroll et al., 2009) , others have reported that concentrations of fibrinogen and haptoglobin are not affected by weaning (Hickey et al., 2003b) .
Weaning in combination with housing of beef calves is often associated with respiratory disease. In this respect a number of other blood variables, in conjunction with rectal body temperatures, were examined as indicators of calf health. In the present study, no change was found in monocyte, basophil, eosinophil, platelet, red blood cell numbers, haematocrit % or plasma concentrations of haemoglobin, however, a number of mild fluctuations occurred within these variables, but all of these were within the normal physiological range (Jones and Allison, 2007) . Calves in the present study did not succumb to respiratory disease, or any other clinical infections or related health problems, based on rectal temperature, physical examination and assessment of appropriate blood variables. This was due in part to the vaccination program employed, coupled with the good husbandry management procedures and prevailing environmental conditions.
Weaning is a multifaceted stressor, with calves that were weaned showing a stronger physiological stress response than control calves that remained with their dams. This study confirmed that neutrophil number is a robust biomarker of stress and additionally that plasma CXCL8 is a sensitive indicator of stress in weaned and control calves. In future studies, these two biomarkers should be central to the characterisation of stress responses.
